e low permeability of coal seams makes gas drainage difficult in lots of coal mines. is study presents a low-temperature, safe, and efficient liquid carbon dioxide phase transition explosive technology (LCDPTET) to increase the permeability of coal, thereby improving the efficiency of gas drainage and eliminating the dangers of coal and gas outburst. Meanwhile, an integrated approach for experimental determination, numerical simulation, and field testing was applied to study the damage ranges of coal and to determine a reasonable spacing between the gas drainage hole and blast hole. A numerical simulation model of liquid carbon dioxide phase transition explosion (LCDPTE) was built, and the damage index M was introduced to analyze the degree and range of coal damage after explosion at different spacings between the blast hole and the gas drainage hole. Furthermore, another aim was the assessment of the permeability changes and comparison of the gas drainage effects of different borehole spacings. e results showed that as the borehole spacing became smaller, the degree of coal damage around the gas drainage hole increased, and the gas drainage effect improved. However, to avoid the collapse of the gas drainage hole, the gas drainage holes should not be located in the crushing zone caused by LCDPTE. Based on the numerical analysis conducted to guide the borehole arrangement of the field test, the latter was carried out to study the increasing ranges of permeability of coal and the drainage effect after explosion.
Introduction
Gas disasters have been a major factor threatening the safe and efficient production of mines during coal mining [1, 2] . Predrainage of coal seam gas is a method to control gas disasters, but coal seams in a lot of mines have low permeability, high ground stress, and difficulty in gas drainage [3] [4] [5] [6] [7] [8] . To solve the above problems, scientists have conducted extensive and long-term explorations and practices; the methods used to improve the permeability of coal seams include mining protective coal seam, hydraulic fracturing, hydraulic slotting, deep-hole blasting, and microwave radiation are proposed [9] [10] [11] [12] [13] [14] [15] [16] . Mining protective coal seams is suitable for combined drainage of multiple coal seams, but is limited to a single coal seam or a currently mined coal seam. Hydraulic fracturing and hydraulic slotting technologies used to increase the permeability of coal cause secondary pollution to coal seams, and the water consumption is tremendous. Deep-hole blasting is effective at increasing the permeability of coal seams, but the processes of implementation are dangerous. Microwave radiation technology is still at the experimental and developmental stages, and field applications require additional time. erefore, it is crucial to find a technology to improve the permeability of coal seams. e cardox tube system was first developed and used by a British company called CARDOX. Singh [17] found out that the effects of two liquid carbon dioxide tubes combined explosion were same as five ordinary explosive tubes in Bulawayo gold mine test; he presented that liquid carbon dioxide phase transition explosive technology (LCDPTET) had the advantages of high safety and ecofriendly process and had no evacuation of equipment and operators in the process of blasting. e LCDPTET was similar to propellant fracturing technology [18, 19] ; the high-pressure gas acted on the blasting medium to break the rock and increase its permeability. But it was different from propellant fracturing that generated high-temperature and high-pressure gases by combustion of propellant; the LCDPTET used a special explosive tube to heat and gasify liquid carbon dioxide, causing the liquid carbon dioxide to undergo a phase transition in a short time and generate the huge expansive pressure. e LCDPTET was applied to slope blasting, earthwork, and roadway excavation at an early stage [20, 21] . Because of its safe and efficient characteristics, scientists began to introduce it into the coal industry and use it to increase coal seam permeability at the end of the 20th century. Du et al. [22] systematically introduced equipment and technologies for the use of liquid carbon dioxide phase transition explosion (LCDPTE) in underground mines. Sun et al. [23] studied the failure law of coal via explosion of critical carbon dioxide and built a gas dynamics model. Chen et al. [24] conducted field tests of LCDPTE and concluded that liquid carbon dioxide phase technology can effectively improve coal seam permeability. Based on numerical analysis, Sun and Wang [25] studied the effect of explosive pressure on crack propagation when LCDPTET was used to break rock. Wang et al. [26] compared and analyzed the failure and fracture characteristics of rock masses after hydraulic fracturing and critical carbon dioxide explosions; they discovered that hydraulic fracturing cut rock mass into blocks, whereas a lot of microfractures were produced in the rock by LCDPTET in addition to macrofractures.
At present, the researches on increasing the permeability of coal seam by LCDPTET are still in the initial stage, and the related results are relatively less.
erefore, based on the background of a coal mine in Qianxi county in the Guizhou province of China, this paper conducted research on the LCDPTET. Section 2 of this paper introduces the principles, equipment, techniques, and advantages of LCDPTET for field applications in high-gas and low-permeability coal seams. In Section 3, the geological and mining conditions are analyzed, and gas and stratum parameters are determined to provide basic data for numerical simulations. In Section 4, the degrees of coal seam damages caused by LCDPTE and the gas drainage effects at different spacings between the gas drainage hole and the blast hole are numerically investigated in detail. In Section 5, based on the outcomes of numerical analyses, field investigations are performed to analyze the increasing ranges of permeability and optimum spacing of boreholes.
Principle and Technology of LCDPTE

Principle of LCDPTE.
LCDPTET is a new physical explosive technology used to increase the permeability of coal seams, and it consists of three parts: filling, propulsion, and explosive systems. High-pressure gas that is produced by liquid carbon dioxide acts on the coal body around the borehole to crack coal and generate fractures. is increases the permeability of coal seams and gas migration channels, reduces the gas contents in coal seams, and prevents gas outburst.
LCDPTET has many advantages, mainly reflected in the following aspects: First, the gasification process of liquid carbon dioxide has the effect of cooling, and carbon dioxide is an inert gas. erefore, it could prevent gas explosion or combustion accidents in the process of blasting operations, and it is especially suitable for the mines which are high in gas content or associated with dangers of coal and gas outbursts. At the same time, carbon dioxide gas could dilute methane to decrease the gas concentration in mines. Second, it is relatively safe to deal with the explosive tubes that did not work. ird, there is no toxic gas, the operation produces less dust, and there are no ill-effects on the health of the workers. Fourth, it has the advantages of low cost, simple operation, rapid filling, and high production efficiency.
LCDPTE Technology
Filling System.
e filling system consists of a liquid carbon dioxide storage tank, a gas compressor, a flowmeter, a refrigerator, and CO 2 explosive tubes. e gas compressor is the main power device used to inject liquid carbon dioxide into the explosive tubes. e flowmeter monitors the liquid carbon dioxide flow from storage tank to the CO 2 explosive tubes. As the liquid carbon dioxide is easily converted into gas at normal or high temperatures, a refrigerator is installed in the pipeline to reduce the temperature in the conveying pipe. Considering the comprehensive economic benefits and explosive efficiency, liquid carbon dioxide with a purity of 99.9% is usually used in engineering. e filling system is shown in Figure 1. 
Explosive System.
e explosive system is the core of LCDPTET, which consists of a drill pipe, an explosive tube, a liquid CO 2 storage chamber, a constant-pressure shearing disc, and a gas release tube. High-pressure gas is ejected from the gas ports at specific directions and angles in the gas release tube and acts on the coal body around the blast hole.
e direction and diameter of the gas ports are designed to control the gas flow direction and concentrate the energy according to common engineering practices. e liquid CO 2 storage chamber is used for storing liquid carbon dioxide and has high strength and corrosion resistance. One end of the chamber is equipped with a constant-pressure shearing disc, and the other end is connected to an explosive tube and a liquid injection head. e explosive in the explosive tube is similar to the propellant in high-energy gas-fracturing technology [27] ; when the circuit in the explosive tube passes a current of 0.8 A or more, the explosive burns and emits a lot of heat, heating and gasifying the liquid carbon dioxide.
e reaction time is about 1-20 ms [28] . e constant-pressure shearing disc installed between the liquid storage chamber and gas release tube is made of steel having a speci c strength, and it is used to control the gas pressure during explosion. When the pressure produced by the phase transition of the liquid carbon dioxide in the storage tank is greater than the maximum failure pressure of the shearing disc, the disc will be broken and high-pressure carbon dioxide gas will rush into the release tube.
e maximum breakdown pressure of the constant-pressure shearing disc is in the range of 126-276 MPa according to engineering requirements. After the start-up of the explosive device, the transition process of liquid carbon dioxide to gas will last for approximately 20 ms. erefore, the explosive gas pressure is approximately equivalent to the maximum breakdown force of the constant-pressure shearing disc [29] . e explosive system is shown in Figure 2. 
Propulsion System.
e propulsion machine can safely and accurately send the explosive tubes to the blasting location through the borehole and retrieve them after the explosion. Figure 3 shows the propulsion system.
Case Study
Geological and Mining Conditions.
is case study focuses on a coal mine located in Qianxi county in the Guizhou province of China (Figure 4 ). It is a coal and gas outburst mine, and the current mining seam is #17. e average overburden depth and thickness of the coal seam are 180 and 2.5 m, respectively. e roof and oor of coal seam are sandy mudstone and mudstone, and their thicknesses are 3 m and 1.7 m, respectively. e permeability of the #17 coal seam is low, and the gas concentrations often exceed a safety margin, thus leading to occurrences of gas dynamic disasters during excavation. erefore, LCDPTETs operated in oor rock roadways are applied to increase the permeability through boreholes which penetrate the #17 coal seam. e measurements of predrainage of coal strip gas are then obtained to reduce the gas pressures and contents of coal seams and eliminate the dangers of coal and gas outbursts. e oor rock roadway is located under the mudstone layer of the oor of the #17 coal seam. e average vertical distance from the roof of roadway to the coal seam is 15 m.
e section shape of the roadway is rectangular; the height and width of the roadway are 2.5 and 3.5 m, respectively. e strike length of the test area is 60 m. e locations of the oor rock roadway and the test area are shown in Figure 5 .
Laboratory Tests.
To better understand the increase of the permeability ranges of coal seams after LCDPTE and to achieve a reasonable spacing between the gas drainage hole and the blast hole, laboratory tests were carried out on rock and coal samples collected from the oor rock roadway of the 11703 working face to determine the mechanical properties of the rock and porosity, permeability, ash content, moisture content, and adsorption constant of the coal seam.
Experimental Determination of the Mechanical Properties of Rock.
Tests were conducted on a servo-controlled system (TAW-2000); its maximum axial load was 2000 kN, maximum shear load was 500 kN, and maximum lateral load was 500 kN.
e uniaxial compressive strength, Young's modulus, and Poisson's ratio were obtained by conducting uniaxial compression tests. Four samples were tested for each lithology, namely, the roof, coal seam, and oor. Based on the results of these tests, the mechanical parameters of each geological unit are shown in Table 1 .
Parameters of Coal Seams.
e porosities of eight coal samples were determined by Mercury intrusion methods.
e permeabilities of four of the samples were tested using a U-MPB-1 gas permeability tester with occupation standard (SY/T 5336-2006) [30] . Gas adsorption constants of ve of the coal samples were tested by the high-pressure isothermal adsorption test method (GBT-19560-2008) [31] .
e eight sets of coal samples were tested using a coal quality analyzer. e measured data are shown in Table 2 . passive pressure methods can measure the gas pressure of the coal seam e ectively. e measurement data are shown in Table 2 .
Numerical Analysis of Increasing
Permeability Ranges and Gas Drainage Effect e degrees of coal damage after LCDPTE were numerically analyzed, and the gas drainage after increasing the permeability of the coal seam was evaluated to study the optimum spacing between the drainage hole and the blast hole. is could provide a basis and guidance for eld tests.
e Principle of Numerical Analysis
Governing Equation of Stress and Deformation.
e e ective stress equation embodies the coupling of gas-solid stress:
where σ ij is the coal stress component, ε ij is the strain component, λ and G are the Lame constants given by λ Ev/(2(1 + v)) and G E/(2(1 + v)), respectively, δ ij is the Kronecker symbol, p is the gas pressure, and α is the Biot's coe cient, which is determined by the compressibility of the coal. e equation that governs stress is
where G is the shear modulus, v is the Poisson's ratio, F i is the component of the body force in the ith direction, and u i is the component of the displacement in the ith direction. Equivalently, the strain expression is
where u ij and u ji are the coal displacement components.
Coal Damage Governing Equation.
In this study, the maximum tensile stress criterion was used to judge the tensile failure, and the Mohr-Coulomb criterion was used to judge shear or compression failure. e coal damage expression is Advances in Civil Engineering
where σ c0 is the uniaxial compressive strength, σ t0 is the uniaxial tensile strength, and F t and F c are the functions that represent the stress states. When the values of these functions are 0, as shown in (6), the coal is subjected to tensile and shear failures, respectively; ϕ is the friction angles; σ 1 and σ 3 are the maximum and minimum principal stresses, respectively.
When the coal stresses meet the maximum tensile stress criterion, tensile failure will occur. Conversely, when the stresses meet the Mohr-Coulomb criterion, compression or shear failure will occur. Compared with shear and compression failures, the tensile strength of coal is the smallest in rock mechanics.
erefore, tensile failure is identified as a priority damage criterion in the rock failure category.
Index M i indicates the degree of coal damage and is expressed as [34] :
where ε t0 is the maximum tensile strain at tensile failure, ε c0 is the maximum compressive strain at compression failure, ε 1 is the maximum principle strain, and ε 3 is the minimum principle strain. e expressions dF t > 0 and dF c > 0 indicate the load state where two types of failures might occur and cause a continuous increase of index M i . Equivalently, dF t < 0 or dF c < 0 indicates the unloaded state where new coal damages are not produced, and the values of index M i remain unchanged. e elastic modulus of coal is given based on the elastic failure theory and is expressed as
where E 0 and E i are the elastic moduli before and after failure, respectively. In this study, the failure and its further evolution occur in an isotropic medium; therefore, E i , E 0 , and M i are scalars.
Gas Seepage Equation.
e porosity of coal [35] is given by
where φ is the porosity, φ 0 is the initial porosity, ε v is the coal volume strain, p 0 is the gas' initial pressure in the coal seam, and K s is the volume compression modulus of coal.
e permeability of coal can be obtained under an isothermal condition based on the Kozeny-Caman equation of seepage mechanics,
where k 1 is permeability of coal, and k 0 is the initial permeability of coal. e permeability after damage [36] is expressed as
where k 2 is the permeability after damage. Additionally, the gas seepage equation [37] is given by:
where t is the time, a and b are the gas adsorption constants, μ is the viscosity of methane gas, m is the Klingberg coefficient, A is the ash content, and B is the moisture content.
e Principle of Numerical
Calculation. e numerical model in this study used a finite element method to solve the control equation. e elastic failure model and the fluid-solid coupling model of gas flow were used to simulate the process of LCDPTE and the gas drainage after explosion, respectively. e process of numerical calculation was shown in Figure 6 . e specific steps were as follows:
Step 1. Based on (1)-(3), the stress σ ij and strain ε ij of the coal were calculated when the gas impact pressure P 1 was applied to the boundary of the blast hole at the initial time.
Step 2. Based on the results obtained in the first step, the maximum principal stress σ 1 and the minimum principal stress σ 3 in the coal body were obtained, then according to the (4)- (6) to determine whether the coal body was damaged.
Step 3. When the coal body was damaged, the maximum principal strain ε 1 and the minimum principal strain ε 3 in the coal body were determined from the results obtained in the first step, and the damage index M 1 was obtained according to (7) .
Step 4. e damage index M 1 was plugged into (8) , and the modified elastic modulus E 1 was obtained after coal failure, and it participated in the calculation of the next cycle.
Step 5. e gas impact pressure at the next moment P 2 was applied to the boundary of the blast hole and cycled from the first step to the fourth step until the gas impact pressure P i is 0 MPa.
Step 6. e final damage index M i was plugged into (11) to determine the permeability of coal after explosion.
Step 7. Gas drainage pressure was applied to the gas drainage hole. e dynamic process of gas drainage was determined by the (1), (9), (10)- (12).
Model Veri cation.
Based on the relevant parameters in literature [38] , the abovementioned uid-solid coupled numerical model was used to analyze the gas radial ow rate in the coal body under steady ow. And the numerical solutions were compared with the test data in the literature [38] to verify the accuracy of the model used in the study and nite element calculations. Figure 7 presents the comparison of test data and simulation results of gas radial percolation rate. It can be observed from Figure 7 that the simulation results are in good agreement with the test data, indicating that the numerical model used in this study and its nite element calculation are reasonable and reliable.
Numerical Model Generation
Numerical Simulation Model and Simulation Plan.
e coal seam, roof, and oor were established in the model, and their dimensions were 3 × 20 × 20 m, 2.4 × 20 × 20 m, and 1.8 × 20 × 20 m, respectively, as shown in Figure 8(a) . In order to determine the increasing permeability ranges of coal after LCDPTE and reasonable borehole spacing, various plans at 3, 4, 5, and 6 m spacings between the gas drainage hole and the blast hole were carried out in this study. A blast hole was located at the center of the model and vertically penetrated the coal seams from the oor. Its coordinates were (x 10, y 10), and the hole depth was 4.2 m. e coordinates of the gas drainage holes of the four plans were (x 10, y 13), (x 10, y 14), (x 10, y 15), and (x 10, y 16). ese coordinates are the same for the blast holes, which vertically penetrate the coal seams from below, and the borehole depths are all 4.2 m, as shown in Figure 8(b) . e diameters of the blast holes and gas drainage holes are 100 mm. 
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Initial and Boundary Conditions.
e initial gas pressure in the coal seam was 2 MPa. e gas impact pressure produced by liquid carbon dioxide phase transition applied to the boundary of blast hole was obtained from the tests, and the values of impact pressure changed over time, as shown in Figure 9 . e negative pressure of gas drainage (5 × 10 −3 MPa) was applied to the boundary of the gas drainage hole. A vertical stress (5 MPa) was applied to the top of the model, a horizontal stress (5 MPa) was applied to its right and posterior sides, and roll supports were applied to the left, front, and bottom sides.
Simulation Parameters.
A reasonable parameter setting is crucial to ensure the accuracy of the numerical analysis.
e sti ness of the numerical analysis model recommended by Mohammad et al. [39] should be equal to 0.47 times the average sti ness value obtained from the laboratory tests. Cai et al. [40] suggested that the elastic modulus and uniaxial compressive strength of coal and rock masses can be in the range of 0.1-0.25 times that of the values of the laboratory tests, while the Poisson's ratio is assumed to be in the range of 1.2-1.4 times that of the values of the laboratory tests. erefore, the elastic modulus, compressive strength, and tensile strength of coal and rock masses are equal to 0.25 times that of the values of the laboratory tests, whereas the Poisson's ratio is 1.2 times that of the laboratory test values. e shear modulus is calculated from elastic modulus and Poisson's ratio. e porosity, permeability, ash content, moisture content, and adsorption constant of the coal seam are shown by the results in Table 2 ; the numerical simulation parameters are shown in Table 3 . Figure 10 shows the expansion of the damage zone over time during the explosion process. When the damage index M i is greater than 0, it indicates that the coal body has been destroyed, so that the size of the coal damage zone can be identi ed. At the same time, the value of damage index M i indicates the degree of coal damage, which can be used to represent the characteristics of the damage zone. Based on the study of degree of coal damage by Zhu et al. [41] , the fracture zone (0 < M < 0.7) and crushing zone (0.7 ≤ M ≤ 1) are chosen according to the damage index M i . It can be observed from Figure 10 that the radius of damage zone is 1.91, 3.04, 3.88, 4.33, 4.56, and 4.56 m at 35, 50, 65, 80, 95, and 110 ms, respectively. When time increases, the impact pressure of the explosion gas attenuates and the expansion rate of the damage zone decreases. At 95 ms, the damage zone expansion stops. e radius of the crushing zone determined by the damage index is approximately 2 m, and the radius of fracture zone ranges from 2 m to 4.56 m. Figure 11 presents the numerical simulation results of coal permeability changes. e values of permeability are proportional to the height; the more the height, the greater is the permeability. At same time, Figure 11 shows enhanced permeability as maximum at the blast hole and decreasing radially away from the hole, and it was proved by the laboratory test results obtained by Chen and Zhou [42] . e high-pressure impact gas generated by the phase transition of liquid carbon dioxide will strongly compress the coal body, and the coal body around the blast hole will be compressed and damaged to form a crushing damage zone.
en, the high-pressure gas enters into the coal body through the fractures of the crushing zone and produces a splitting e ect on the coal, which makes the coal body tensile damage and produces a lot of fractures, forming a fracture zone.
It can be observed from Figure 11 that the original coal permeability is 3.9 × 10 −16 m 2 , the fracture zone permeability . erefore, the permeability of coal is greatly improved after LCDPTE; this provides space and channels for gas adsorption and migration, effectively reduces gas pressures in the coal seam, and improves the gas drainage efficiency. Figure 12 presents the results of the degree of coal damages for different spacings (3, 4, 5, and 6 m) between the blast hole and the gas drainage hole. As shown in Figure 12 , the gas drainage hole is located in the fracture zone when the spacing is 3 m, and the coal around the gas drainage hole will generate a lot of fractures, which increases the coal's permeability. e damage zone extends to the gas drainage hole when the spacing is 4 m, and a small fracture zone similar to a butterfly wing is produced on the side away from the blast hole. When the spacing is 5 m, the gas drainage hole is located at the edge of the fracture zone, and there is no coal damage on the other side of the gas drainage hole. When the spacing is 6 m, the damage zone after the explosion does not affect the coal around the gas drainage hole, and the permeability around the gas drainage hole remains unchanged.
us, compared to the increasing permeability radius (4.5 m) of a single blast hole, when there is a gas drainage hole beside the blast hole, the increasing permeability radius is approximately 5 m because the gas drainage hole increases the free surface of deformation and expansion of coal during the explosion.
Gas Drainage Effects after Explosion.
Based on the above analysis, gas drainage effects are further studied after the explosion to determine the reasonable spacing between drainage holes and blast holes; the spacings chosen are 3, 4, 5, and 6 m. Figure 13 presents the results of gas drainage for 30 d after LCDPTE. Gas pressures in the coal begin to decrease from the zone where the permeability has been improved, as shown in Figure 13 . When the spacing between the gas drainage hole and blast hole is 3 m, the fractures around the gas drainage hole connect with the crushing zone, which improves the permeability considerably. erefore, after gas drainage over a period of 30 d, gas pressures in large areas of coal around the blast hole and the gas drainage hole are reduced to nearly 0 MPa. When the spacing is 4 m, gas pressures in large areas around the blast hole and the gas drainage hole are reduced over a period of 30 d, but the rates of decline are low. e gas drainage hole with 5 m spacing is at the edge of the fracture zone after explosion, and its connectivity with the fractures is less. However, after gas drainage for 30 d, only the gas pressures around the gas drainage holes are reduced, and any reductions around the blast hole are extremely small. e gas drainage hole with 6 m spacing is in the undamaged coal zone, and the permeability of coal around the gas drainage hole has not increased; therefore, the e ects of gas drainage are the same as those without LCDPTE. Figure 14 presents the relationships of gas pressure versus time for the four borehole spacing arrangements. As shown in Figure 14 , the coal on the side of the gas drainage hole that is far from the blast hole is a ected to a lesser degree by the explosion, and it is not in the zones where the permeability increases.
erefore, the decrease of the gas pressure in these zones is smaller as a function of the gas drainage time. When the spacing between the gas drainage hole and the blast hole is 3 m, the gas in the increasing permeability zones move faster and are fully drained after 1 d. Correspondingly, the gas pressures reduce to 1.25 MPa after gas drainage of 1 d, whereas after a gas drainage of 10 d, the gas pressures drop to 2.40 × 10 −3 MPa, and the gas pressures approach 0 MPa when the drainage lasts for 20 d. Whereas for a gas drainage of 30 d, the gas pressures in the increasing permeability zones reduce to 0.47 and 1.69 MPa when the spacing between the gas drainage hole and the blast Advances in Civil Engineeringhole are 4 and 5 m, respectively. e gas drainage hole at a spacing of 6 m is outside the increasing permeability zone.
erefore, after 30 d of gas drainage, the pressures in the coal of the increasing permeability zone are not e ectively reduced. According to the above discussions, it can be seen that a reasonable spacing for e ective gas drainage from the increasing permeability coal zone should be less than 5 m.
Field Test
Borehole Arrangements.
Based on the numerical analysis results, the borehole arrangements in the test area are shown in Figure 15 . All boreholes are divided into groups 1 and 2. In group 1, holes A and D are blast holes, and the even numbers (A2, A4, A6, and A8) around the blast hole A are drilled such that they are 3 m away from the blast hole. e odd number gas drainage holes (A1, A3, A5, and A7) are 4.2 m away from the blast hole A. Even numbers (D2, D4, D6, and D8) around the blast hole D are drilled at a distance of 5 m, and the odd-numbered gas drainage holes (D1, D3, D5, and D7) are 7 m away from the blast hole D. e borehole arrangements and spacings of group 2 are exactly the same as those of group 1. Figure 16 presents the average gas drainage ows for each spacing (3, 4.2, 5, and 7 m) in the cases of groups 1 and 2. As shown in Figure 16 (a), after the application of LCDPTET, in group 1, the average ows of the gas drainage with 3, 4.2, 5, and 7 m before the explosion changed by a factor of 3.12, 1.91, 1.56, and 1.15, respectively, after explosion. In group 2, the average ows of gas drainage with spacings of 3, 4.2, 5, and 7 m before the explosion are increased by a factor of 2.46, 2.17, 1.39, and 0.88, respectively, after the explosion, as shown in Figure 16 (b). After the explosion, the average ows of gas drainage in the cases where the borehole spacing ranged between 3 and 4 m boreholes are approximately twice the values attained before the explosion, which indicates that the permeability of the coal within a radius of 4 m around the blast hole is greatly improved. Gas drainage ows exhibit minor increases after the explosion at a spacing of 5 m. However, when the spacing is 7 m, comparison of the average ows of gas drainage before explosion with those after the explosion indicates that the gas drainage ows have not changed. us, the increasing permeability radius is approximately 5 m after the application of LCDPTET.
Result Analysis.
According to the eld test, the closer the gas drainage hole is to the blast hole, the better are the gas drainage e ects. However, it can be observed from the numerical simulation that when the gas drainage hole is 2 m away from the blast hole, the gas drainage hole will be located in the crushing zone where the coal is severely damaged.
us, the gas drainage hole is prone to collapse and will a ect the gas drainage e ciency. At the same time, small borehole spacing increases the drilling cost and construction time. erefore, considering the gas extraction efficiency, construction cost, and construction time comprehensively, the best spacing between the gas drainage hole and the blast hole is in the range of 3-4 m.
Conclusions
is study presented a new physical explosive technology (LCDPTET) to increase the permeability of high-gas and low-permeability coal seams and improve the gas drainage effects.
e working principles of LCDPTET and its advantages of low-temperature, safety, and high efficiency were also illustrated. is study conducted at Qianxi county in the Guizhou province of China aimed at eliminating the risks of coal and gas outburst in roadway excavations, increasing coal permeability, improving gas drainage efficiency, and eliminating gas dynamic disasters.
e following conclusions are drawn:
(1) A numerical model was built, and the damage index
M i was introduced to analyze the degree of coal damage by LCDPTE. According to the degree of coal damage, the damage zone was divided into crushing and fracture zones. Additionally, it was concluded that when there was only a single blast hole in the coal seam and the gas impact pressure was applied on the coal, the damage radius of the coal was 4.56 m.
When there was a blast hole and a gas drainage hole in the coal seam at the same time, the damage radius of coal was about 5 m because the gas drainage hole provided a free surface for the deformation and expansion of the coal during the explosion. After the explosion, the coal permeability of the crushing zone increased from the initial value of 3.9 × 10 −16 m 2 to a value in the range of 7.2 × 10 −13 -1.14 × 10 −12 m 2 , and the permeability in the fracture zone increased to a value in the range of 4.0 × 10 −16 -7.2 × 10 −13 m 2 . (2) Comparing the gas drainage effects of four different spacings between the gas drainage hole and the blast hole after the permeability of coal was increased by LCDPTE, it was observed that the gas pressures in the coal seams reduced considerably, and the gas drainage ranges were larger when the borehole spacings were 3 and 4 m. Under the premise that the boreholes would not collapse, a reasonable spacing between the blast hole and gas drainage hole was 3-4 m from the comprehensive considerations of the construction cost, construction time, and gas drainage effects. (3) Field tests were conducted to investigate the increasing permeability range and gas drainage effect after the application of LCDPTE. In group 1, the average gas drainage flows for spacing of 3, 4.2, 5, and 7 m before explosion were modified by factors of 3.12, 1.91, 1.56, and 1.15, respectively, after explosion. In another group, the average gas drainage flows before the explosion were modified by factors of 2.46, 2.17, 1.39, and 0.88, respectively, after explosion. erefore, the radius of the increasing permeability zone of coal is approximately 5 m. is also indicates that LCDPTE can effectively improve gas drainage efficiency.
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